THE omics, including independent or integrated genomics, transcriptomics, proteomics, and metabolomics, offer new approaches for understanding diverse biological systems through different levels of biomolecular organization and have continued to grow rapidly over the last several years 1 . Metabolomics has become a comprehensive qualitative and quantitative method to analyse all small molecule metabolites in the metabolome 2 . Metabolome is the collection of the complete set of all low molecular weight metabolites (<1500 Daltons) found in a biological system (cell, tissue, organ or biological fluid) exposed to a given set of conditions 3 . A major advantage of metabolome is that it can be seen as the final omics level of biological events, while genome, transcriptome and proteome represent the mediums in the flow of gene expression 4 . In addition, metabolomics has been exploited in various fields, such as medicine discovery, medical science and synthetic biology in human studies, as well as predictive modelling in different species systems 5 . Many names have been used in this new field, including metabolic profile, metabonomics and metabolomics. The metabolic profile terminology 6 was first introduced in the literature in 1971; a new method was applied to describe the different chromatographic patterns of biofluids. Metabonomics was formally defined by Nicholson 7 in 1999, and the term metabolomics was later coined by Fiehn 8 with different meaning and perspectives. Whatever, metabolomics is the term preferred by most scientists, so we use this term throughout this article.
Today, more and more studies related to metabolomics are being published. However, attempts to systematically collect and analyse data of these publications such as authors, countries, institutions, journals and citations are few. Scientometrics, which can be processed by a useful visualization software named CiteSpace developed by Chen 9 , has been utilized to make comprehensive evaluation of the developments in various research fields 10 . CiteSpace, one of the most popular techniques in scientometrics, is written using a JAVA program and is specifically applied to analyse the citations in the scientific literature. It has been exploited in different areas such as schizophrenia research 11 , life cycle assessments 12 and so on.
We have used CiteSpace to depict metabolomics studies derived from the Web of Science Core Collection database from 1992 to 2017. The top countries, institutions, journals, authors, subject categories and keywords in metabolomics studies are presented in 'summary of metabolomics researches' section. Furthermore, individual visualization maps have been drawn to make intuitive observations, including landscape, influential scientists and journals of metabolomics which could help achieve a better and deeper understanding of the developments in metabolomics in the period of study.
Methods

Data collection
Bibliographic records were retrieved by a topic search on the Science Citation Index Expanded (SCI-Expanded) of the Thomson Reuters' Web of Science Core Collection on 16 July 2017. The search queries consist of six phrases about metabolomics: 'metabolomic*' OR 'metabonomic*' OR 'metabolome*' OR 'metabolic profil*' OR 'metabolic footprint*' OR 'metabolite profil*'. The wildcard '*' captures relevant variations of a word, such as metabolic profile and metabolic profiling. The document types were limited to 'original research articles' and 'review papers' for two reasons: (i) original research articles could represent the landscape of the field, and (ii) review papers are representative papers selected by domain experts 13 . Encompassing a time span from 1 January 1992 to 16 July 2017, the search retrieved a total of 66,721 records. Full records and cited references were downloaded in text format. After duplicates were removed (no duplicate records found), the data files were imported into the software package CiteSpace, version 5.0.R2.
Data analysis
We have used CiteSpace to perform co-citation analysis in references, identify the collaborations between co-cited authors/journals and generate networks of all the aforementioned items. The time interval of bibliographic records was set from 1992 to 2017, nearly 26 years. The length of a single time slice was specified as 2 years. The top 100 most cited references per time slice have been used to map the references co-citation network in a standard graph view. Figure 1 displays the trends of annual publications and citations from 1991 to 2017. As shown in Figure 1 , the total number of metabolomics publications equals 66,721 papers. In 2016, there were 7962 publications in the field of metabolomics, accounting for 11.93% of the total set. During this period, the exponential growth pattern is shown (publications = 5E-105exp 0.1235Year , R 2 = 0.9603), which indicates the fast growth in metabolomics publications. Figure 1 also shows the trend of citations of papers during 1992-2017. Obviously, the overall trend of citations increased from 168 times in 1992 to 111,860 times in July 2017. The 66,721 publications were cited 1,544,293 times, including 29,074 times of self-citations by 16 July 2017. In addition, the average citations were close to 23, which was a relatively high level of citations, reflecting the numerous interests of scientists in metabolomics.
Discussion and results
Summary of metabolomics studies
The top 15 countries were ranked by the number of publications in metabolomics per country (Table 1) . During the study period, USA greatly exceeded all other countries, with 20,414 publications, followed by China, with 7761 publications and then Germany, with 5689 publications. Two North American countries, four Asian countries, seven European countries, one Oceania country and one South American country were ranked in the top 15 countries that delved in metabolomics. The extensive cooperations between countries/regions could be seen in Supplementary Figure 1 . Compared to the analysis of countries, there were slight collaborations between the institutions that contributed to metabolomics (see Supplementary Figure 2 ). Moreover, Table 1 also exhibits the top 15 most productive institutions that contributed to the evolution of metabolomics. The top 15 institutions, with 8774 published articles, accounted for 13.15% of total publications. The Chinese Academy of Sciences won the first position, followed by Harvard University and Imperial College London.
The top 15 journals with the most number of scientific papers published on metabolomics are displayed in Table  2 . Together, these journals published 9818 papers by July 2017, constituting 14.72% of total publications. Among the top 15 journals, the most noteworthy journal was PLoS ONE, with 2240 publications, followed by Metabolomics with 964 publications; Analytical Chemistry was third. Additionally, all impact factors displayed in Table 2 are from 2016. Of the journals that constitute the observed ranking, the Proceedings of the National Academy of Sciences of the United States of America (9.661) has the highest impact factor, followed by Analytical Chemistry (6.320), and Journal of Clinical Endocrinology and Metabolism (5.455). The other journals exhibit impact factors ranging from almost 2.6 to approximately 4.3. Table 3 shows the top 15 authors of metabolomics according to the publication numbers. Nicholson was the most active author involved in this area, publishing 333 papers. Next in the ranking was Wang with 322 publications, followed by Holmes. The collaboration relationship of authors is demonstrated in Figure 2 a. It is worth noting that Nicholson and Holmes appeared closely with Lindon, because they did similar studies in Imperial College London. In addition, Nicholson, Holmes and Lindon were close collaborators of many highly cited articles in the field of metabolomics 14 . Depending on the content classification of the Web of Science database, the study of metabolomics was distributed across 178 specific subject categories. Only those with 2 or more bibliographic records were calculated. The top 15 subject categories were ranked based on the publications of metabolomics (see Supplementary Figure 3) . Clearly, the field of metabolomics was interdisciplinary and showed a variety of applications in several fields of knowledge and research. The categories of subjects with the most records were pharmacology and pharmacy (7809 records, 11.7%), biochemistry and molecular biology (7168 records, 10.7%) and endocrinology and metabolism (6459 records, 9.7%), followed by other categories with less than 6000 publications.
Supplementary Figure 4 reveals keywords that occurred in the 66,721 papers of metabolomics. Among those keywords, the top 15 keywords with the highest frequency were particularly inserted in Table 4 . The most common keywords were metabolomics (7476 records), insulin resistance (4987 records) and metabolic syndrome (4760 records). Herein, research hot spots in these years were extracted by frequently occurring keywords, with a reasonable description in CiteSpace. Based on the listed keywords, we have inferred that the hot spots of metabolomics research mainly consist of functional genomics, metabolic syndromes and related diseases. In biological systems, metabolomics is developing as a functional genomics methodology that contributes to a better understanding of the complicated molecular interactions 15 . Besides, at systems level, metabolomics can be regarded as the logical process from extensive analysis of RNA and proteins 16 . Moreover, there is a potential in the metabolomics, applied in metabolic syndromes and related diseases research, i.e. diabetes, cardiovascular disease, hyperlipidemia and obesity 5 . The major purpose for its use in metabolic syndromes is exploring disease status or biomarkers. Biomarkers, or, more precisely, biological parameters, have been used as indicators of clinical responses (for example, therapeutic effects and toxicity) 17 .
Mapping and analysis on references
Analyses of references were applied to analyse the accompanying references cited by a great deal of published papers. Furthermore, the analysis of references is critical to scientometrics, due to the importance of corresponding papers and authors 18 . In this section, the comprehensive research landscape of metabolomics is shown by the references' co-citation network (Figure 3 ). 1088 references were obtained based on the top 100 most cited references per time slice during 1992-2017. As shown in Figure 3 , the node represents cited articles by metabolomics research. In addition, references with citation bursts were described with red rings. According to the interconnectivity of nodes, 282 clusters were generated in the total network. These clusters were labelled by index terms derived from citing articles.
Supplementary Table 1 reveals the top 5 largest clusters in the metabolomics domain. The silhouette scores are all over 0.7, suggesting that the quality of these clusters is relatively reliable. Mean year represents the average year of publication date of member references. The largest cluster (#0) is labelled as novel pathway, followed by the second largest cluster (#1), labelled as mass spectrometry, and the third largest cluster (#2), labelled as selective serotonin reuptake inhibitor.
The thematic trends can be analysed by papers receiving citation burst. A citation burst shows the possibility that the related scientific community has paid special attention to the highly cited publications 19 . In our study, 27 references were summarized with the strongest citation burst in the group of articles that started to burst at the same time (Table 5) . It is worthy to note that review papers did not affect emerging trends and thematic patterns in the domain. Therefore, we did not consider review papers with citation bursts. Additionally, references about omics analysis approach and database in metabolite profiling were also excluded in our survey. Papers related to omics analysis approach and database were coloured in grey in the table. Based on the research characteristics, 27 high citation burst references could be divided into 4 different categories.
From 1992 to 1998, the significant background of metabolomics was founded. As shown in Table 5 , the root of metabolomics can be traced back to the effects of antihypertensive drugs on glucose and lipid metabolism in patients with hypertension 20 . The episode of burst started in 1992 and ended in 1997. The strongest burst starting from 1998 was correlated with a 1996 paper by Considine et al. 21 . This paper depicted a correlation between serum leptin concentrations and the percentage of body fat in humans.
From 1999 to 2002, metabolomics had an initial development. Nicholson et al. 7 proposed a new concept named metabonomics, or rather a NMR-based metabonomics, which is defined as 'the quantitative measurement of the dynamic multiparametric metabolic response of biological systems to genetic modification or pathophysiological stimuli' 7 . The citation burst of the article lasted for 8 years from 2000 to 2007. The strongest burst from 2001 was due to the paper written by Fiehn, which achieved the highest burst strength of all references. This article described a new tool of plant functional genomicsmetabolite profiling, which helped to find out that different metabolic profiles can be processed by a distinct genotype, implying that this approach has immense potential in confirming the phenotype directly 22 . From 2003 to 2006, metabolomics studies were in a rapid development stage. The citation burst starting in 2004 was led by the article of Soga et al. 23 . They proposed a new approach for metabolome analysis by capillary electrophoresis mass spectrometry (CE-MS) 23 . Hence, a number of methodologies had been developed for quantitative metabolome analysis, such as gas chromatography mass spectrometry (GC-MS), nuclear magnetic resonance spectroscopy (NMR), Fourier transform ion cyclotron resonance mass spectrometry (FT-ICRMS) and electrospray ionization mass spectrometry (ESI-MS). The strongest burst starting from 2005 was associated with a 2004 paper by Hirai et al. 24 . They presented the first report of research for gene-to-metabolite networks regulating 24 . Benefiting from the advance in the technologies in the past 10 years, more and more applications of metabolomics have been developed in medical studies. The research frontier of medical metabolomics is to explore biomarkers related to various diseases, such as diabetes 25 , prostate cancer 26 and cardiovascular disease 27 . Furthermore, in order to acquire a better understanding of systems biology, metabolomics as the final response part of gene expression, was integrated with upstream omics including genomics, transcriptomics and proteomics.
Mapping and analysis on authors
The collaboration between co-cited authors was illustrated in a network map (Figure 2 b) . It can be seen that four authors named Nicholson, Wishart, Lindon and 
Mapping and analysis on journals
CiteSpace was used to detect the co-cited journals on metabolomics studies. Table 6 exhibits the top 15 cocited journals in the field of metabolomics. All journals had a cited frequency of over 8000. As shown in Table 6 , the top ranked item by citation count was Proceedings of the National Academy of Sciences of the United States of America with a citation count of 23,728. The second was Journal of Biological Chemistry (20,273 citations), followed by Nature (19,240 citations) .
The network map of journals in the metabolomics area is shown in Figure 4 . There was a tight connection among some journals such as Proceedings of the National Academy of Sciences of the United States of America, Journal of Biological Chemistry and Nature. Based on the categories of the journals, it is apparent that fields like multidisciplinary sciences, metabolic syndromes and related diseases, peripheral vascular disease, biochemistry and analytical chemistry were the major application fields of research on metabolomics.
Conclusion
The trend of development in metabolomics research was analysed in this paper. The fast development of metabolomics was confirmed by the exponential growth in metabolomics publications in the study period between 1991 and 2017. USA contributed the largest number of publications and the Chinese Academy of Sciences was the leading institution. PLoS ONE contributed to the most number of publications and Proceedings of the National Academy of Sciences of the United States of America was the most influential journal. Nicholson was the most prominent scholar in metabolomics area who published most papers with the highest co-citation counts. The largest co-citation cluster was in novel pathway. Functional genomics, metabolic syndromes and related diseases were the research hot spots in this field. Diseases biomarkers and systems biology might be the frontiers of metabolomics research in the coming years.
